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COIN SENSOR

RELATED APPLICATIONS

This application claims priority to U.S. Application Ser.
No. 61/610,918 filed Mar. 14, 2012, the entirety of which 1s
herein incorporated by reference.

FIELD OF DISCLOSUR.

(L]

This disclosure relates to apparatus and methods of sensing,
metal objects, and more particularly, to sensing coins.

BACKGROUND

Electromagnetic measurements of coins can be used to
determine whether a coin 1s a genuine coin and belonging to
a certain class or denomination. Typically, an inductance 1s
mounted in proximity to a coin path so that the field generated
by applying a drive signal to the inductance 1s influenced by
the coin as 1t passes.

The coil can be driven using a drive signal that contains a
broad spectrum of frequencies, e.g. by applying a square
wave drive signal containing multiple harmonics. The 1ntlu-
ence ol the coin on the field can then be sampled at successive
time instants relative to the transitions 1n the drive signal. The
samples taken at different times are predominantly influenced
by material at different depths within the coin. This time-
domain measuring technique can have advantages as com-
pared to frequency-domain measurements using analog fil-
ters.

Parameters of the measurement samples can be compared
against parameters of the reference measurements in different
ways 1n order to determine whether a coin 1s a genuine coin
and belonging to a certain class or denomination. For
example, reference wavelforms can be obtained by taking
measurements of actual samples of a coin, and can be subse-
quently stored on the coin tester. These reference wavetorms
can be compared against the waveforms obtained by the coin
tester when a coin under test 1s brought 1nto proximity with
the coin sensor to determine whether a coin falls within a
classification of any particular denomination.

Employing such an approach bears several disadvantages.
First, such an approach is predicated upon having access to a
physical sample of the coin when it 1s being characterized in
the lab. However, having access to a physical sample of the
coin during characterization may not be possible i1 the coin
has not yet been fabricated.

Second, even 1 a physical sample of the coin 1s available
for characterization, such an approach involves an iterative
process of trial and error, which 1s time-consuming and
expensive. For example, the results of a fabricated physical
coin sample that has been characterized using a particular coil
construction may reveal that the underlying design of the coil,
colin, or any combination thereof does not provide an accept-
able degree of discrimination. Therefore, employing such an
approach may result in having to carry out multiple iterations
of design, fabrication, and characterization of coils and coins
until 1t 1s determined that the combination of the coil and the
coin provide an acceptable degree of discrimination.

Also, since the reference wavelorms captured 1n the lab can
be dependent on the driving signal, such an approach requires
that the same driving be used on the coin tester. Such a
constraint can be disadvantageous 1n an application where 1t
1s desirable to drive the coin sensor using a random signal.
This approach can also be disadvantageous in instances
where the coin tester 1s simply not capable of replicating the
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2

precise wavelorm that was used to stimulate the coin sensor in
the lab, or to the extent that the replication accuracy drifts over

time.

In cases where the conductor radius 1s infinite with respect
to the coil radius, 1t 1s possible to use a TREE algorithm to
derive an analytical solution to the impedance change of a coil
that 1s driven by a random input. However, the TREE algo-
rithm proposed by Theodoulidis et al., 1s predicated on an
assumption that the size of the conductor 1s infinitely large
relative to the size of the sensor, such that edge effects of the
conductor material can be neglected. In other words, the
approach proposed by Theodoulidis et al., requires the size of
the sensor to be sufliciently small with respect to the size of
the conductor, and 1s unsuitable for applications in which the
edge-ellects of the conductor are more significant. See, for
example, T. P. Theodoulidis, J. R. Bowler The Truncated
Region Eigenfunction Expansion method for the solution of
boundary value problems in eddy current nondestructive
evaluation. Review of Quantitative Nondestructive Evalua-
tion Vo. 24, 2005; T. P. Theodoulidis.

Therelore, there exists a need for more efficient, high per-
formance, cheaper, low complexity coin sensor that1s capable
of classitying multi-layer coins without using priori knowl-
edge of the mput signal. There also exists a need for an
eificient solution for designing a coin tester in the absence of
having a physical sample of the coins to be accepted. Appli-
cant believes that the present disclosure addresses some of the
concerns discussed above and/or other concerns.

SUMMARY OF THE INVENTION

In an implementation, a coin tester apparatus comprises a
broadband signal generator configured to output a driving
signal; a coin sensor coupled to said driving signal, said coin
sensor configured to output a measurement signal in response
to said driving signal, wherein said measurement signal 1s
configured to be influenced by the presence of a coin; a
computer-readable storage medium configured to store an
impedance model of said coin sensor, said impedance model
representing an expected intluence of at least one coin con-
figuration parameter on said measurement signal; and a pro-
cessor configured to compute a coelflicient of said model 1n
the presence of said coin and apply acceptance criteria to said
coellicient to determine whether said coin falls within a pre-
determined coin classification.

In another implementation, a driving signal comprises a
pseudorandom sequence.

In another implementation, the driving signal comprises a
pseudorandom pulse train.

In another implementation, the measurement signals rep-
resent an elfect of inducing eddy currents 1n said coin.

In another implementation, the measurement signal com-
prises a digital signal.

In another implementation, the coin sensor comprises a
coil.

In another implementation, the coin configuration radius 1s
less than said coil radius.

In another implementation, the impedance model accounts
for edge eflects of said coin configuration on said intluence to
said measurement signals.

In another implementation, the coin sensor comprises a
driver coil and a pickup coil.

In another implementation, the storage media comprises a
non-volatile memory device coupled to said processor.

In another implementation, the impedance model is 1ni1-
tially computed 1n the absence of having a physical coin
sample.
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In another implementation, a temperature sensor 1s config-
ured to sense an ambient temperature, and the processor 1s
turther configured to compute the effect of said ambient tem-
perature on said coefficient.

In another implementation, the coin configuration com-
prises a total number of layers.

In another implementation, the at least one coin configu-
ration parameter comprises permeability of a layer.

In another implementation, the at least one coin configu-
ration parameter comprises conductivity of a layer.

In another implementation, the at least one coin configu-
ration parameter comprises homogeneity of a layer.

In another implementation, the predetermined coin classi-
fication comprises a non-genuine coin classification.

In another implementation, the at least one coin configu-
ration parameter comprises layer material properties.

In another implementation, the at least one coin configu-
ration parameter comprises a lift-oif dimension between said
coil and said coin.

In another implementation, a method for testing a coin
using a coin tester comprises driving a coin sensor using a
broadband signal; obtaining measurement samples from said
coin sensor 1n the presence of a coin, wherein said measure-
ment samples represent an intluence of said coin on a field
generated by said coin sensor in response to said driving
signal; solving for, via a processor, coellicients of an imped-
ance model of said coin sensor, said impedance model repre-
senting an expected influence of at least one coin configura-
tion parameter on said measurement signal; and applying
acceptance criteria to said coetlicients to determine whether
said coin falls within a predetermined classification of coins.

In another implementation, the broadband signal com-
prises a pseudorandom sequence.

In another implementation, the broadband signal com-
prises a pseudorandom pulse train.

In another implementation, the measurement samples rep-
resent an effect of inducing eddy currents 1n said coin.

In another implementation, the measurement samples
comprise a digital signal.

In another implementation, the coin sensor comprises a
coil.

In another implementation, the coin configuration radius 1s
less than said coil radius.

In another implementation, the impedance model accounts
for edge etlects of said coin on said coin sensor.

In another implementation, the coin sensor comprises a
driver coil and a pickup coil.

In another implementation, the storage media comprises a
non-volatile memory device coupled to said processor.

In another implementation, the impedance model 1s 1ni-
tially computed 1n the absence of having a physical coin
sample.

In another implementation, the ambient temperature 1s
measured using a temperature sensor and computing the
cifect of the ambient temperature on said coelificients.

In another implementation, the at least one coin configu-
ration parameter comprises a total number of layers.

In another implementation, the at least one coin configu-
ration parameter comprises permeability of a layer.

In another implementation, the at least one coin configu-
ration parameter comprises conductivity of a layer.

In another implementation, the at least one coin configu-
ration parameter comprises homogeneity of a layer.

In another implementation, the predetermined coin classi-
fication comprises a non-genuine coin classification.

In another implementation, the at least one coin configu-
ration parameter comprises layer material properties.
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4

In another implementation, the at least one coin configu-
ration parameter comprises a lift-off dimension between said
coil and said coin.

In another implementation, a computer-system imple-
mented method of simulating an influence of a coin on a field
generated by a coil comprises: receiving, via a processor, at
least one coil parameter; recerving, via said processor, at least
one coin configuration parameter; computing, via said pro-
cessor, the influence of said at least one coin configuration
parameter on said field based upon at least said coil param-
cters and said coin configuration parameters.

In another implementation, said computation accounts for
edge eflects of said coin configuration on said influence.

In another implementation, said at least one coil parameter
comprises a number of coils.

In another implementation, said at least one coil parameter
comprises a height.

In another implementation, said at least one coil parameter
comprises an outer radius.

In another implementation, said at least one coil parameter
comprises an nner radius.

In another implementation, said at least one coil parameter
comprises a number of turns.

In another implementation, said at least one coin configu-
ration parameter comprises a plurality of layers of a multi-
layer coin, each layer having a plurality of layer parameters.

In another implementation, said at least one coin configu-
ration parameter comprises a plurality of layer parameters.

In another implementation, said plurality of layer param-
cters comprises a radius dimension.

In another implementation, said plurality of layer param-
cters comprises a height dimension.

In another implementation, said plurality of layer param-
cters comprises a relative permeability of said layer matenal.

In another implementation, said plurality of layer param-
cters comprises a conductivity of said layer matenal.

In another implementation, said plurality of layer param-
eters comprises a layer material specification.

In another implementation, said at least one coil parameter

comprises a lift-off dimension between said coin and said
coil.

In another implementation, said at least one coil parameter
comprises a drive frequency of said coil.

In another implementation, said processor 1s further con-
figured to express said influence as a change n said coil
impedance over frequency.

In another implementation, said processor 1s further con-
figured to express said influence as a change 1n said coil
relative impedance over frequency.

In another implementation, said processor 1s further con-
figured to express said influence as said coil impedance over
frequency.

In another implementation, said processor 1s further con-
figured to express said influence as a change in said coil
impedance over frequency.

In another implementation, said at least one coil parameter
comprises a number of coils, said processor further config-
ured to express said influence a mutual impedance of said
number of coils over frequency.

In another implementation, said processor 1s further con-
figured to express said influence as a change a normalized
impedance plane diagram.

In another implementation, said at least one coil parameter
comprises a coil current.

In another implementation, said at least one coil parameter
comprises a dimensional tolerance.
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In another implementation, said at least one coin configu-
ration parameter comprises a dimensional tolerance.

In another implementation, said at least one coin configu-
ration parameter comprises a material homogeneity.

In another implementation, said at least one coin configu-
ration parameter comprises a lift-oil tolerance.

In another implementation, said at least one coin configu-
ration parameter comprises a material tolerance.

In another implementation, said processor 1s further con-
figured to express said intluence as a representation of eddy
currents mnduced 1n said coin.

In another implementation, said coin comprises a plurality
of layers, said processor configured to express said influence
as a representation of eddy currents induced 1n each layer.

In another implementation, said processor 1s further con-
figured to compute a discrimination between said coin and a
reference dataset.

In another implementation, said reference dataset com-
prises a second coin configuration.

In another implementation, a computer-readable medium
having computer-executable instructions for performing a
method comprising: receiving, via a processor, at least one
coll parameter; recerving, via said processor, at least one coin
configuration parameter; computing, via said processor, said
influence of said coin configuration based upon at least said
coill parameters and said coin parameters.

In another implementation, an 1item of currency tester appa-
ratus comprises: a broadband signal generator configured to
output a driving signal; a sensor coupled to said driving sig-
nal, said sensor configured to output a measurement signal in
response to said driving signal, wherein said measurement
signal 1s configured to be influenced by the presence of an
item of currency having a metallic structure or security fea-
ture; a computer-readable storage medium 1s configured to
store an 1mpedance model of said sensor, said impedance
model representing an expected influence of at least one 1tem
of currency configuration parameter on said measurement
signal; and a processor 1s configured to compute a coetlicient
of said model 1n the presence of said item of currency and
apply acceptance criteria to said coelficient to determine
whether said item of currency falls within a predetermined
coin classification.

In another implementation, said item of currency com-
prises a banknote.

In another implementation, said metallic structure com-
prises at least one foil.

In another implementation, said reference dataset com-
prises at least one film.

In another implementation, a method of testing an 1tem of
currency using an item of currency tester, comprises driving a
sensor using a broadband signal; obtaiming measurement
samples from said sensor 1n the presence of an 1tem of cur-
rency having a metallic structure or security feature, wherein
said measurement samples represent an influence of said item
of currency on a field generated by said sensor 1n response to
said driving signal; solving for, via a processor, coellicients of
an 1mpedance model of said sensor, said impedance model
representing an expected influence of at least one item of
currency configuration parameter on said measurement sig-
nal; and applying acceptance criteria to said coellicients to
determine whether said 1item of currency falls within a prede-
termined classification of 1items of currency.

In another implementation, said item of currency com-
prises a banknote.

In another implementation, a computer-system imple-
mented method of simulating an influence of an i1tem of
currency on a field generated by a coil, comprises receiving,
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v1a a processor, at least one coil parameter; receiving, via said
processor, at least one 1tem of currency configuration param-
cter; computing, via said processor, said influence of said at
least one item of currency configuration parameter based
upon at least said coil parameters and said i1tem of currency
confliguration parameters.

In another implementation, said item of currency com-
prises a banknote.

In another implementation, a computer-readable medium
having computer-executable instructions for performing a
method comprises receiving, via a processor, at least one coil
parameter; receiving, via said processor, at least one item of
currency configuration parameter; computing, via said pro-
cessor, said intluence of said 1item of currency configuration
based upon at least said coil parameters and said item of
currency parameters.

In another implementation, the computer readable medium
of said 1tem of currency comprises a banknote.

These and other features of the invention are described 1n
detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of a coin tester according to an
embodiment.

FIG. 2 1s a three-dimensional view of a coin sensor accord-
ing to an embodiment.

FIG. 3 1s a three-dimensional view of a coin sensor accord-
ing to an embodiment.

FIG. 4 1s a cross-sectional view of a coil brought into
proximity to a non-homogeneous single-layer coin configu-
ration according to an embodiment.

FIG. 5 1s a cross-sectional view of a coil brought into
proximity to a multi-layer coin configuration according to an
embodiment.

FIG. 6 1s a cross-sectional view of a dual-coil brought nto
proximity to a multi-layer coin configuration according to an
embodiment.

FIG. 7 1s a flowchart illustrating the testing of a coin
according to an embodiment.

FIG. 8 1s a flowchart 1llustrating the simulation of an influ-
ence ol a coin configuration on a field generated by a coil
according to an embodiment.

FIG. 9 1s a graphical user interface of a computer program
that 1s configured to simulate influence of a coin configuration
on a field generated by a coil according to an embodiment.

FIG. 10 1s a graphical user interface of a computer program
that 1s configured to visualize the induced eddy current den-
sity 1n each layer of a multi-layer coin configuration accord-
ing to an embodiment;

FIG. 11 1s a graphical representation of the current density
in each layer of a multi-layer coin configuration, computed at
1 kHz, 10 hHz, and 80 kHz, according to an embodiment.

FIG. 12 1s a graphical representation of the current density
in each layer of a multi-layer coin configuration, computed at
1 kHz, 10 hHz, and 60 kHz, according to an embodiment.

FIG. 13 1s a graphical representation of the angular com-
ponent of the 1 kHz current density magnitude graph shown
in FIG. 11 according to an embodiment.

FIG. 14 1s a graphical user interface of a computer program
that 1s configured to perform tolerance and discrimination
analysis according to an embodiment.

FIG. 15 1s aplot of the effect of parameter tolerance on coin
sensor 1impedance over frequency according to an embodi-
ment.

FIG. 16 1s a plot of FIG. 15 expressed as a percentage.
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FIG. 17 1s a normalized impedance plane diagram gener-
ated by a computer program according to an embodiment.

FIG. 18 1s a plot illustrating the error associated with
neglecting edge effects of a conductor.

FIG. 19 1s a plot illustrating the error associated with
neglecting edge effects of a conductor.

FIG. 20 illustrates the accuracy of accounting for edge
elfects using an impedance model according to an embodi-
ment.

FIG. 21 illustrates the accuracy of accounting for edge
elfects using an 1impedance model according to an embodi-
ment,

FIG. 22 1s a cross-sectional view of a planar coil brought
into proximity to a coin configuration according to an
embodiment.

DETAILED DESCRIPTION

A coin tester and methods are disclosed hereimn. In one
aspect, the coin tester comprises a stored impedance model of
the coin sensor, wherein the stored impedance model repre-
sents an expected influence of a coin configuration on the coin
sensor measurement signal. The coetlicients of the stored
impedance model can be computed on the coin tester. Accep-
tance criteria can be applied to the coelficients to determine
whether the coin falls within a predetermined classification of
coins. In another aspect, an analytical solution can be used to
express the mfluence of a coill m the presence of a coin
configuration, and can be computed 1n the absence of having
a physical coin sample. In a further aspect, a computerized
method of designing coin configurations, designing coils, and
optimizing discrimination 1s disclosed herein.

As used 1n this disclosure the term “coin” 1s employed to
mean any coin (whether valid or counterfeit), token, slug,
washer, or other metallic object or 1tem, and especially any
metallic object or 1item which could be utilized by an 1ndi-
vidual 1n an attempt to operate a coin-operated device or
system. A “valid coin” 1s considered to be an authentic coin,
token, or the like, and especially an authentic coin of a mon-
ctary system or systems in which or with which a coin-
operated device or system 1s intended to operate and of a
denomination which such coin-operated device or system 1s
intended selectively to receive and to treat as an item of value.

In some implementations, as shown in FIG. 1, a coin tester
1 can include a broadband signal generator 5, a coin sensor
10, a processor, 20, a computer-readable storage medium 30,
and a temperature sensor 40. The processor 20 can be coupled
to the storage medium 30 via an address and data bus 22. The
processor 20 can also be coupled to broadband signal genera-
tor 5, comn sensor 10, and temperature sensor 40 through
communication bus 25. The broadband signal generator 3
driving signal 1s also coupled to the coin sensor 10 through
link 7.

The processor 20 1s configured to control the broadband
signal generator 5, coin sensor 10, and temperature sensor 40.
The broadband signal generator 5 1s configured to output a
driving signal over link 7 to coin sensor 10. The coin sensor 10
1s configured to output a measurement signal (not shown) 1n
response to recerving the driving signal from the broadband
signal generator 5. The measurement signal that 1s output
from the coin sensor 10 1s configured to be influenced by the
presence of a coin (not shown).

In one aspect, the storage medium 30 1s configured to store
an impedance model of the coin sensor 10. This impedance
model can represent an expected influence of one or more
comn configuration parameters on the measurement signal
produced by the coin sensor 10. The coin configuration

10

15

20

25

30

35

40

45

50

55

60

65

8

parameters can be, but are not limited to, a total number of
layers, layer conductivity, layer permeability, layer homoge-
neity, layer material, lift-off, or any combination thereof. As
will be discussed 1n later sections of the present disclosure,
such an impedance model can be derived 1n the lab, and 1n
absence of having a physical coin sample. In this manner, the
apparatus and method can be used with existing coins and
also as a predictive tool 1n helping design future coins. After
the impedance model 1s derived, it can then be stored on the
storage medium 30.

In another aspect, the processor 20 1s configured to com-
pute a coellicient of the impedance model during or after the
time when a coin 1s brought into proximity with the coin
sensor 10. The processor 1s also configured to apply accep-
tance criteria to the computed coelficient to determine
whether the received coin falls within a predetermined coin
classification. In some 1implementations, the acceptance cri-
teria can comprise a determination as to whether the coin
under test 1s consistent with anon-genuine coin classification.

In some implementations, the driving signal can comprise
a pseudo-random sequence, pulse-train, sinusoidal wave,
sawtooth, or any combination thereof. However, 1t should be
understood that the driving signal can also comprise any
signal without departing from the spirit and scope of the
present disclosure. As used 1n this disclosure, the term “ran-
dom” 1s intended herein to include, without limitation, not
only purely random, non-deterministically generated signals,
but also pseudo-random and/or deterministic signals such as
the output of a shift register arrangement provided with a
teedback circuit to generate pseudo-random binary signals,
and chaotic signals.

As discussed 1n the preceding sections, the processor 20 1s
configured to control the broadband signal generator 5 over
the communication bus 25. In one aspect, the processor can be
configured to control various characteristics of the broadband
signal generator 5 output driving signal, such as but not lim-
ited to signal type, signal shape, frequency, rise time, fall
time, dead time, voltage, current, or any combination thereof.
In some implementations, the broadband signal generator 5
can contain an internal analog-to-digital converter, which
samples and digitizes and broadband signal generator S out-
put driving signal. In some designs, the processor 25 can
command the broadband signal generator 5 to transmit the
digitized signal over the communication bus 25.

In some embodiments, the coin sensor 10 comprises a coil.
In some aspects, the coil can comprise a wire, which 1tself 1s
wound N turns around a toroidal core. For example, referring
to FIG. 2, the coin sensor 10 can comprise a coil 100, itself
comprising a wire (not shown), which 1s wound N times
around toroid core. In some implementations, the toroid can
comprise a ferromagnetic core, laminated core, ferrite core,
ceramic core, plastic core, composite core, or any combina-
tion thereof. However, 1t should be noted that the wire can also
be wound N times around an “air core” without departing
from the spirit and scope of the present disclosure. It 1s also to
be understood that the coil can comprise different geometries.
For example, while the coil 100 geometry shown 1n FIG. 2 1s
toroidal, 1t should be noted that other coil geometries, such as
but not limited to planar, cylindrical, spiral, flat, hourglass,
etc. can be used without departing from the spirit and scope of
the present disclosure.

In some 1implementations, the coin sensor 10 can comprise
a plurality of coils. For example, in the embodiment shown 1n
FIG. 2, the coin sensor 10 comprises a driver coil 100 and a
pickup coil 120. Such a dual-coil configuration can be advan-
tageous 1nsofar as 1t 1s desensitized to the lift-off dimension
between the coin under test and the coil. Coin under test 110
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can be disposed 1n between driver coil 100 and pickup coil
120. Driver coil 100 can be configured to recerve a driving
signal from the broadband signal generator 5 and to generate
a field 1n response to the driving signal. Pickup co1l 120 can be
configured to receive the generated field and to output mea-
surement signals which are intluenced by the presence of the
coin under test 110.

In some embodiments, the measurement signals output by
the pickup coil 120 can represent an effect of inducing eddy
currents 1n the comn 110. For example, referring to FIG. 3,
driver coil 200 driven by source 210 generates a magnetic
field 220, which induces eddy currents 230 1n the conductor
240. Pickup coil 250 can be placed in proximity to the driver
coil 200, and can thereby output measurement signals repre-

senting an elfect of inducing eddy currents in the coin 110.
Referring back to FIG. 2, the driver and pickup coils 100

and 120 respectively can be part of a bridge circuit, standal-
one, couple to additional circuitry, or any combination
thereol. For example, the pickup coil 120 measurement sig-
nals can be coupled to an analog-to-digital converter circuit,
which outputs a digital measurement signal. Referring to
FIG. 1, such digital measurement signals can be output
through the communication bus 235 to the processor 20 for
subsequent processing. Referring back to FIG. 2, the coin
sensor 10 can also include signal-processing circuitry,
wherein the signal processing circuitry preprocesses the driv-
ing signal before it 1s applied to the driving coil 100.

As shown 1n the figure, driver and pickup coils 100 and 120
cach have an outer radius that 1s greater than the outer radius
of the coin under test 110. In such a configuration, edge
elfects of the coin under test can have a significant intluence
on the impedance change of the coil 1n the presence of the
coin under test because the net change 1n coil reactance 1n the
presence of a coin decreases 1n proportion to the ratio of coil
to coin radius. Therefore, solutions which neglect such edge
elfects, such as the one proposed by Theodoulidis et al., may
not provide an acceptable degree of accuracy for some coil/
coin configuration combinations.

For example, FI1G. 18 1llustrates the error which arises from
applying the solution proposed by Theodoulidis et al., which
1s predicated on an assumption that the conductor radius 1s
infinitely large relative to the sensor radius, such that edge
elfects of the conductor can be neglected, to a coil/coin con-
figuration combination according to the coil/coin 1 param-
eters of Table 1, wherein r, 1s the coil inner radius, r, 1s the coil
outer radius, z,-z, 1s the coil thickness, z, 1s the lift-off dimen-
s1on between the coil and the coin configuration, and N 1s the
number of turns. FIG. 19 illustrates the error which arises by
applying the solution proposed by Theodoulidis et al., to a
coil/coin configuration combination according to the coil/
coin 2 parameters of Table 1.

TABL.

1

(L]

Coin Parameters

Coil Thickness
Parameters Comn Material o (MS/m) L. (mm)
i 4 mm 1 Steel 6.206 200 3
I 6 mm 2 Copper-Nickel 2.6 1 3
Zy-71 4 mm 3 - - - -
71 0.5 mm 4 - - - -
N 200 5 — — — —

As shown 1n the figures, the percentage error 1n the com-
puted change of reactance and resistance of a coil 1s inversely
proportional to the ratio between the coil and coin configu-
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ration radius. Therefore, as will be discussed 1n forthcoming
sections of the present disclosure, 1n some embodiments, an
impedance model which accounts for such edge effects can be
derived 1n the lab and stored on the coin tester based upon a
closed-form analytical solution disclosed herein.

The apparatus and methods disclosed herein are applicable
to accounting for the edge-effects of a coin configuration to
the measurement signals produced by a coin sensor over a
broad range of ratios between the coin sensor/coil radius to
the coin configuration radius, such as but not limited to the
following ratios: 0.000001, 0.000002, 0.000005, 0.000010,
0.000020, 0.000050, 0.000100, 0.000200, 0.000500,
0.001000, 0.002000, 0.005000, 0.010000, 0.020000,
0.050000, 0.100000, 0.200000, 0.500000, 1.00, 2.00, 5.00,
10.00, 20.00, 50.00, 100.00, 200.00, 500.00, 1000.00,
2000.00, 5000.00, 10,000.00, 20,000.00, 30,000.00,
100,000.0, 200,000.0, 500,000.0, 1,000,000.0, 10,000,000.0,
and ranges between any two of these.

As noted earlier, referring back to FIG. 1, the computer
readable storage medium 30 can be coupled to the processor
via an address and data bus 22. In some implementations, the
computer readable storage medium can comprise a non-vola-
tile memory. However, it should be noted that the computer
readable storage medium can comprise other devices, and
need not necessarily be coupled to the processor 20 via an
address and data bus 22. For example, the computer readable
storage medium can comprise ROM, RAM, flash memory,
EEPROM, hard disk, CD, DVD, solid state memory, floppy
disk, tape, blu-ray, or any combination therecol without
departing from the spirit and scope of the present disclosure.
By way of further example, the computer readable storage
medium can be coupled to processor via i°c, SPI, ethernet,
wirelessly, fiber optics, or any combination thereof.

In a further embodiment, the temperature sensor 40 1s
configured to sense an ambient temperature of the coin tester
1. In one aspect, the processor 20 can be configured to com-
pute the expected effect of the ambient temperature on the
model coetlicient.

In another aspect, methods of testing a coin using a coin
tester are disclosed heremn. In some implementations, as gen-
crally shown 1n steps 610-695 of FIG. 7, a method of testing
a coin can comprise the steps of driving the coin sensor,
obtaining measurement samples 1n the presence of a coin,
solving for impedance model coelficients, applying accep-
tance criteria, and determining whether the coin falls within a
predetermined classification of coins. In some embodiments,
the method can also comprise the steps of accepting the coin,
step 690, or rejecting the coin, step 695.

As discussed 1n the preceding sections, an analytical solu-
tion that provides an impedance model that represents the
expected intluence of a coin configuration on a measurement
signal output by a coin sensor 1s herein disclosed. This imped-
ance model can be used to determine the expected intluence
of a coin configuration on a coin sensor measurement signal
in the absence of having a physical sample of the coin. In
some embodiments, the derived model accounts for an edge
eifect of the coin configuration on the influence to the
expected coin sensor measurement signal. The derived model
can be subsequently stored on a computer readable storage
medium of a coin tester, and can be used to aid 1n determining
whether a coin under test falls within a predetermined coin
classification.

Throughout FIGS. 4-6, coils 300, 400, and 500 are shown
schematically for clanty. It should be noted that while the
turns are not depicted, one skilled 1n the art will appreciate
that the coil will have one or more turns. As shown in FIG. 4,
a co1l 300 has a center axis 310, height (z,-z, ), inner radius r,,
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outer radius r,, wherein the outer radius r, 1s greater than the
outer radius ¢, of a coin configuration 330. In some aspects,
the coil 300 outer radius r, to coin configuration 330 outer
radius ¢, ratio can give rise to substantial edge etiects of the
coin configuration 330. The top surface of the coin configu-
ration 330 and the bottom surface of the coil 300 are separated
by a lift-off dimension z,. The coin configuration 330 1itself
can comprise a single non-homogeneous first layer 340 of
concentric first and second materials 344 and 346, having a
height d,, and an mner radius c¢,. Each of the first and second
materials 344 and 346 second materials 344 and 346 also have
inherent properties of conductivity o, and o, respectively.
In one aspect, each of the first and second materials can be
made from different matenals, elements, compounds, or
alloys. It should be noted that 1t 1s possible to use non-con-
ductors 1n the coin design. For example, 1t 1s possible for the
second material 346 to be a plastic, ceramic, composite, air, or
any combination thereof.

In some embodiments, as shown 1n FIG. 5, a co1l 400 has a
center axis 410, height (z,-z, ), inner radius r,, outer radius r,,
wherein the coil 400 outer radius r, to coin configuration 430
outer radius ¢ ratio gives rise to substantial edge effects of
coin configuration 430. The top surface of the coin configu-
ration 430 and the bottom surface of the coi1l 400 are separated
by a lift-off dimension z,.

The coin configuration 430 itself can comprise a non-
homogeneous first layer 440, a homogeneous second layer
450, and a homogeneous third layer 460. First layer 440 1s
itseltf comprised of concentric first and second materials 444
and 446 having a height ot d,, and an 1nner radius ¢, . Each of
the first and second materials 444 and 446 can have inherent
properties of relative permeability u,, and p ., . respectively.
Each of the first and second materials 444 and 446 also have
inherent properties ol conductivity o, and o, . respectively.
Second layer 450 1s 1itself comprised of a homogeneous mate-
rial 454 having a height of (d,-d,), and has an inherent prop-
erty of relative permeability p ., and conductivity o,. Simi-
larly, third layer 460 1s itself comprised of a homogeneous
material 464 having a height of (d;-d,), and has an inherent
property of relative permeability p_, and conductivity o,.

An impedance model, which takes into account the coin
configuration edge effects of the aforementioned coil/coin
configurations can be expressed 1n terms of the angular fre-
quency w, Iree space permeability constant ., number of coil
turns N, a source wave vector C, a diagonal matrix K of
cigenvalues k; a diagonal matrix E of the dot product of two
Bessel functions, and a full matnix R,,,. representing the
reflection coellicient between the conductor layer 0 and layer
1, according to the following set of equations:

, jowdnu, N2 (Equation 1)
) =

(=) (2 —21)?

[

2

2 kjf' . kj-r
X ) (2 — ) + e i)

[ido(ki )] k]
i=1

Az o dUHNT e o (Bquation 2

(ro —r)*(z2 —21)* Orts
C= (e —e 2K v(kry, ki) (Equation 3)

K 0 (Equation 4)
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-continued
[ e ] (Equation 3)
_Jg(klh) 0
2
E =
hz
0 Ejg(kzh) _
Rojis = (Equation 6)
2UL(T+ Ry, UL T+ Ry )+ K VIPL{T =R, =1
The full matrix R, , 1s reflection coelficient between the

conductor layer 1 and 1+1, and can be expressed according to
the following equation:

-y _ - 4.
R_;‘{;‘+1:€ 2] ;+1{2ET/;_ 1{/}+1{(i€ il j+1 B+l J+1Rj+l{;’+2)'
_ L 1 u 1 u 1 u l _1 _1
(U (e &4 R, | UYL,

P, (e P _gpinl IR | N LU -Ie 5 (Equation 7)

The tull matrix T,,,, 1s the transmission coetficient
between the conductor layer 1 and j+1 and can be expressed
according to the following:

44 B 4 d
I}—lg_zzurj(ﬂrj(e I IRy P U CREEE R

IR, N le & T 51 (Equation 8)

The term y(kr,,kr,) 1s vector of a finite integral of the
Bessel function and can be computed according to the fol-
lowing equation:

xtkiry, kirp) = g[kfrz(Jﬂ(kfrz)Hl (ki) — Ji(kira)Ho(kira)) — (Equation 9)
ki  (Jo (ki YH (ki) — J1 (ki ) Hg (k)]
The term e~ is a diagonal matrix of the attenuation of the

wave 1n the axial direction and can be computed according to
the following equation:

(Equation 10)

—kz| _

Each of U, and V, 1s a full matrix which represents the
mathematical descriptions of each layer of the conductor. For
a homogeneous layer, U, and V ; can be expressed according
to the following equations:

(Equation 11)

¢
Uy = Y [k Jo(k;e)d (g c) — gid1(kie)do(gi0)] R (pjc) —
x ]
C |
s— |kido(kic)di(gjc) — —qd1(kic)Jo(gjc) [Ri(pjc)
P _ki My
Vi = (Equation 12)
¢
P (ki Jo(kic) I (gic) —qid (ki) Jo(g )R (pjc) —
rg; ;

C 1
2 _ 12 Kido(kic)d(gjc) — —q;di(kic)dolg ) |R(pjc)
P_,: ; Mr

For a non-homogeneous layer, U and V,; can be expressed
according to the following equations:
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! Equation 13
Ui = — kidotkic1 M1 (gje1) — g1 (ki) Jo(gje1)] (Equation 13)
Q‘j—k:‘
Ri(pic) +
. 5

B [ce2(ki Jo(kico) Ly (sjc2) — 5 jJ1 (kica)Lo(sc2)) —

i

2
S

ci(kidolkic1)Li(s;c1) —s;Jd1(kici)Lo(s jc1))]

14

-continued

g = \/pz Bl jmﬂ[}#rj‘ o (Equation 21)

Eigenvalues, q,, p,, and s;, for a non-homogenous layer j
can be computed according to the following set of equations:

c2
filpje) = 1 1 (Equation 22)
| | 10 fpi) = T[SLO(S:'CZ) - 514 (Sfﬂz)lﬁl(ﬁ?fﬂz) =
{kfd'ﬂ(kfc‘z) - Ji (kffz)[—E(SLo(Sfﬂz) — 514 (5562)] + ’ .
i [P:’RD(PECE) - gﬁl(ﬁ?ffz)]h (sic2) =10
—L (s_,;r:z)]}ﬁl(p jc2) |
oppron () = (Equation 23)
Cl (Equation 14) 15 1 171
Vii = > Lidolkic M (gje1) — g1 (ki) o(g c1)] sLo(si¢2) — [ ( _ 1] - P:}LI(S:'CZ) =0
He g5 —K; re C2 \ My,
Ri(pjc2) + when imag(p) > 700
:E 53 ik? [ea(kido(kica) Ly (sjc2) —s;J1(kica)Lo(sjc2)) — . g = \/pz — Rkt O (Equation 23)
ci(kido(kici)Li(sjc1) —sjdi(kic)Lo(s jc1))] -
Ri(pjc2) - 2’52 > = \/ P* = Jotofy;, T je (Pauation 29
Pi— k?
{kfjg(kj-cz) —J (k;cz)li(ﬂ@(sm) - CLLI (5;62)] + It should be noted that while Equations 1-24 have been
’ | i 2> discussed in the context of a single-coi1l configuration, the
514 (ijfz)]}f?l(ﬁ? jc2) analytical solution can be extended to other configurations
without departing from the spirit and scope of the present
disclosure. For example, in one embodiment, as generally
The term R, (pc) 1s a diagonal matrix of Bessel function shown 1n FI1G. 6, a coin sensor can comprise a driver coil 500
cross products, which can be expressed according to the fol- and a pickup coil 520. In this implementation, a driver coil
lowing: 500 has a center axis 310, height (z,-z, ), inner radius, r,, outer
Yi(piR)J(pio) = Ji(prRY ((pic) - 0 (Equation 15)
Rn(pec) = ' | '
0 - Yilpyd(pve) = Ji(pyi)Y 1 (prc) |

The term L, (sr), a difference vector between Bessel func- 40
tions with coellicients, can be expressed according to the
following set of equations:

Ln(f’rir) — [C(;EJ”(S;F) - Dcf Y”(ij')] (Equatic-n 16) 45

Cee = (Equation 17)
7T
o [Y1(sie)(J1(gic)tte — gido(gicr ey — J1(gic1)fe) +
Yo(siciMi(gici)pccrsi] 50
D, = (Equation 138)
T
o [J1(sic)(ilgic)ue — gido(gici)pect — Ji(gicy)ue) +
Jo(sici My (gici)pccysi]
55
Eigenvalues, q» and p,, for a hf:rmogenous lay§r 1 can be
computed according to the following set of equations:
60
1 (Equation 19)
F(pi) = —Ri(pickolgic)gi — piRo(pic)di(gic) =0
fappmx(ﬁi) — (Equation 20)
: 63

— Jolgic)gi — j- pidi(gic) =0 when imag(p) > 700

2

radius, r,, wherein the coil outer radius r, to coin configura-
tion 530 outer radius ¢ ratio gives rise to edge effects of the
coin configuration 330. The top surface of the coin configu-
ration 530 and the bottom surface of the driver coil 300 are
separated by a lift-oif dimension z,.

In another aspect, a pickup coil 520 has a center axis 510,
height (z,-z,), inner radius, ry, outer radius, r,, wherein the
outer radius r, 1s greater than the outer radius ¢ of a coin
configuration 330. The bottom surface of the coin configura-
tion 530 and the top surface of the pickup coil 300 are sepa-
rated by a lift-oif dimension (z5-d,,).

The coin configuration 330 itself can comprise a non-
homogeneous first layer 540, a homogeneous second layer
5350, and a homogeneous third layer 560. First layer 540 1s
itself comprised of concentric first and second materials 544
and 546 having a height of d,, and an 1nner radius ¢, . Each of
the first and second materials 544 and 546 can have inherent
properties of relative permeability u,_ and . respectively.
Each of the first and second materials 544 and 546 also have
inherent properties of conductivity o, , and o, . respectively.
Second layer 550 1s 1itself comprised of a homogeneous mate-
rial 554 having a height of (d,-d,), and has an inherent prop-
erty of relative permeability u . and conductivity o,. Simi-
larly, third layer 560 1s itsellf comprised of a homogeneous
material 564 having a height of (d;-d,), and has an inherent
property of relative permeability u ., and conductivity o,.

The driver and pickup coil 500 and 520 can be coupled 1n
different ways. For example, 1n one embodiment, the driver
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and pickup coil 500 and 520 can be coupled 1n series. In this
configuration, 1n the absence of having coin configuration
530 disposed between driver and pickup coil 500 and 520, the
impedance can be expressed according to the following equa-
tion:

ZG:ZO 1 +202 +2-/0) 1/2 (E(:]_Uﬂtlﬂﬂ 25)

The impedance of the series configuration changes 1n the
presence of the coin configuration 530 according to the fol-
lowing equation:

L =LO+AZL +Z04NLx2-7 | 5 (Equation 26)

While the aforementioned equations are directed towards a
series coupled driver/pickup dual-coil configuration, 1t
should be understood that many other configurations can be
used without departing from the spirit and scope of the
present disclosure. For example, it 1s possible to connect more
than two coils 1 series or 1n parallel. It 1s also possible to
couple the coils 1n different ways such as, but not limited to,
in parallel. For example, 1n the absence of having coin con-
figuration 530 disposed between driver and pickup coil 500
and 520, the impedance of the parallel, dual-coil configura-
tion, can be expressed according to the following equation:

701 - 205 — Zgiz (Equation 27)

Zy =
701 + 202 F2-20¢;,

In the presence of having coin configuration 330 disposed
between driver and pickup co1l 500 and 520, the impedance of
the parallel, dual-coil configuration, can be expressed accord-
ing to the following equation:

(zo1 + Az1) - (zor + AZp) — zf i (Equation 28)

/. =
“ zo; +A7 + 700 + AL F2:2

In the absence of the coin configuration 530, the mutual
impedance between the two coils Z0, ,,, of etther of the series
or parallel configurations, can be expressed according to the
following equation:

JowN | N
(r2 =Xz —z21)(ra —r3)(za — 23)

(e X —e 2Kk TE L. (&% — B ) vk, ki)

Equation 29
KTy, KTy IHAEOR D

Zc'uz —

In the presence of the coin configuration 530, the mutual
impedance between the two coils Z, ., of either of the series
or parallel configurations, can be expressed according to the
following equation:

JowN| Ny
(1 — 20 — 21 )(ra —13)(24 — 23)

(&4 — e)K T, E VK (@7 — @72 ) y(kry, ki)

(Equation 30)

Lip = ){(kTr?n kTﬂl)

It should be noted that the closed-form analytical solutions
disclosed herein can be applied to different coil geometries
without departing from the spirit and scope of the present
disclosure. For example, in some embodiments, the closed-
form analytical solutions disclosed herein can be applied to a
cylindrical planar coil geometry. In one aspect, referring to
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FIG. 22, a planar co1l 2100 can comprise a first layer, 2102
and a second layer 2104, wherein layers 2102 and 2104 are
separated by a distance (z,,-z,,). In some embodiments, the
layer separation can be carried out by an 1solant which has the
similar electric and magnetics characteristics to that of air. In
some embodiments, such as the one shown in FI1G. 22, the two
layers can have i1dentical radi1, and number of turns, and can
be connected 1n series. However, 1t should be noted that the
planar coil 2100 can have layers having different number of
turns and radii, and can be connected in different ways with-
out departing from the spirit and scope of the present disclo-
sure.

As shown 1n FIG. 22, coin configuration 2130 comprises a
single layer 2140 of material 2144 having a permeability,
conductivity, radius c, and height d,.

In this implementation, the mutual impedance 1n air can be
expressed according to the following equation:

Zyiip = (Equation 31)

jﬂmpﬂNz
(r2 —F‘l)z){

K K e N K E kg, ki)

The mutual impedance change caused by the presence of
the coin configuration can be expressed according to the
following equation.

Z (Equation 32)

e, N
— - zx(kTrlakTFZJ

e =
(rp — 1)

K e ™2 E 'R, 4 K™ ytkry, kry)

It should be noted that while the embodiment shown 1n
FIG. 22 comprises a two-layer planar coil configuration, one
skilled 1n the art would appreciate that Equations 31 and 32
can be extended to coils having more or less than two layers
without departing from the spirit and scope of the present
disclosure. One skilled 1n the art would also appreciate that
Equations 31-32 can be combined with other previous dis-
closed equations to provide a solution for multi-layer coin
coniigurations.

Moreover, it should be clear to one of skill that equations
1-32 disclose an analytical solution to determining an 1nflu-
ence ol a coin configuration on the measurement signals
output by a coin sensor in the presence of a coin configura-
tion, without the need for a physical coin sample.

Moreover, 1t should be clear that the analytical solution
accounts for edge effects of the coin configuration on the
influence to the coin sensor measurement signals. For
example, the analvtical solution has been applied to coil/coin
configurations specified according to the parameters in Table

2.
TABLE 2
Coin Parameters (c = 5 mm, 8 mm)
Coil Thickness
Parameters Layer Material o (MS/m) . (mm)
i 4 mm 1 Zinc 18.7 1 0.1
I5 0 mm 2 Copper 2.6 1 0.2
757 4 mm 3 Steel 6.206 200 2
Z 0.5 mm 4 Copper-Nickel 2.6 1 0.2
N 200 5 Zinc 18.7 1 0.1
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The expected influence of the coin configurations on the
coil of Table 1 was computed using both FEM (Finite Element
Modeling) and the analytical solutions disclosed herein. As
shown 1n FIGS. 20-21, the accuracy of the closed-form ana-
lytical solutions or equations disclosed herein closely track,
and 1n some 1nstances outperform, FEM 1n accounting for
edge-effects of the conductor on the influence to the coin
sensor measurement signals.

Moreover, the equations can be used to program a simula-
tion application that facilitates the rapid characterization of
various coil/coin configurations. For example, one skilled in
the art would appreciate various high-level languages, such as
but not limited to Matlab, Mathematica, Octave, C++, C, C#,
Java, or any combination thereof can be used to program a
simulation application using the aforementioned equations.

In one aspect, the alforementioned equations can be used to
program a computer implemented method of simulating an
influence of a coin on a field generated by a coin sensor.
However, it should be noted that that while the forthcoming
discussion 1s directed towards implementing a computer
implemented method, the method can be embodied various
formats. For example, any part or all of the forthcoming steps
can be embodied 1n a non-transitory computer-readable
medium having computer-executable instructions for per-
tforming the described method and steps without departing
from the spirit and scope of the present disclosure. However,
it should be appreciated that the forthcoming steps can also be
embodied 1n a transitory computer-readable medium having
computer-executable 1instructions for performing the
described method and steps without departing from the spirit
and scope of the present disclosure.

For example, as shown i FIGS. 8 and 9, a processor
receives a one or more coin configuration and coil parameters
in steps 710-720. A graphical user interface (GUI) 800 can be
configured to recerve one or more of coin configuration and
coill parameters 810 and 850. Based on the recerved param-
cters and the equations disclosed 1n the preceding section, the
processor computes the influence of the coin configuration on
a field generated by the coin sensor, as shown 1n step 730.

For example, referring FIG. 9, a coil parameters can be
input into a GUI, such as but not limited to arrangement 812,
geometry 814, coupling 816, driver inner radius 818, driver
outer radius 820, driver height 822, driver number of turns
824, driver lift-o1f 826, pickup inner radius 828, pickup outer
radius 830, pickup height 832, pickup number of turns 834,
the spacing 1n between the pickup coil and the coin configu-
ration 836, start excitation frequency 838, stop excitation
frequency 840, step excitation frequency 842, or any combi-
nation thereol. The processor can be configured to receive at
least one of such coin configuration parameters.

In another aspect, coin configuration parameters can be
input mnto a GUI, such as but not limited to, the number of
layers 854, outer radius, 856, inner radius 858, layer number
860, layer material 862, layer height 864, layer relative per-
meability 868, layer conductivity 870, preset configuration
872, or any combination thereof. In some embodiments, the
general simulation parameters can also be mput into a GUI,
such as the number of eigenvalues 844, a truncation radius
846, or any combination thereof. The processor can be con-
figured to receive at least one of such coil parameters.

In some aspects, the GUI can be configured to receive as
input, an external file specilying coil parameters, coin con-
figuration parameters or any combination thereof. In some
designs, the processor can be configured to scan the recerved
file for coil parameters or coin configuration parameters, and
populate the appropriate GUI fields accordingly. In some
embodiments, the external file can comprise various formats,
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such as but not limited to text, document, portable document
format, rich text format, comma separated values, tabular
(e.g., “.x1s”), html, xml, or any combination thereof. In some
aspects, the processor can be configured to communicate with
a database such as but not limited to relational databases,
non-relational databases, or any combination thereof. In one
design, the processor can be configured to query the database
for coil and/or coin configuration parameters, and populate
the appropriate GUI fields, based upon a selection of a preset
coi1l/and or coin configuration by an end user.

However, it should be noted that the GUI can comprise
other coin configuration and/or coil parameters, and other
coin configuration and/or coil configuration parameters can
be received by the processor without departing from the spirit
and scope of the present disclosure. For example, in one
aspect, the coil parameters can also comprise temperature. In
yet a further aspect, the coil parameters can include drive
signal parameters of the coil such as but not limited to fill-
factor, excitation signal type, excitation signal shape, excita-
tion frequency, rise time, fall time, dead time, voltage, cur-
rent, simulation step frequency, or any combination thereof.
In some 1mplementations, tolerances of a coil configuration
can be provided as a coil parameter, such as but not limited to
tolerance 1n height, inner radius, outer radius, lift-otl, mate-
rial, number of turns, voltage, current, frequency, rise time,
fall time, or any combination thereof. In some implementa-
tions, tolerances of a coin configuration can be provided as a
coin configuration parameter, such as but not limited to tol-

erance 1n height, radii, permeability, conductivity, matenal,

homogeneity, or any combination thereof.

In some implementations, the processor can be configured
to express different aspects of the influence of the coin con-
figuration parameters on the coin sensor measurement sig-
nals. For example, the processor can be configured to express
the influence as a change 1n coil impedance over frequency, a
change 1n relative coil impedance over frequency, coil imped-
ance over frequency, relative coi1l impedance over frequency,
mutual 1mpedance over frequency, or any combination
thereof. In some aspects, the influence can also be expressed
in different ways, such as but not limited to interactive graphs,
non-interactive graphs, statistical charts, numerical represen-
tations, tabular representations, or any combination thereof.

In one aspect, the processor can be configured to express
the mfluence of the coin configuration parameters on the coil
as a representation of the eddy currents that are induced 1n
cach layer of the coin configuration. For example, with
respect to a homogeneous layer, the eddy current density
induced in the j” layer can be expressed according to the
following equation:

1 (W o NI (Equation 33)

~J3 (ro —r1)(22 —21)

J1 (q:{a‘“‘)ﬂ (;’5{,:'fi?)(ffpfE + E_pﬁﬁﬁﬁl)

J.;I;j(}"', Z) —

I C

Ji-1

With respect to a non-homogeneous layer, the eddy current
density induced in the j” layer can be expressed according to
the following set of equations:

1 z):—jl wo . folN1
Pit 2 (ro—r )22 —21)

Jl(@§r)Rl(pj62)(Epjz + fE_FjERﬂj.,.l)

(Equation 34)

T C

J i1
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-continued

7O 7) = —jl W0, foV1 (Equation 35)
A 2 (r2 —r1)(z2 — 21)

L (Sj-hf‘)fi’l (PJCEJ(EPF + E_pJERMH)Tﬁj—l

C

Thus, 1t should be clear to one skilled 1n the art that the
alorementioned equations can be used to program an appli-
cation which expresses the influence of the coin configuration
parameters on the coil as a representation of the eddy currents
that are induced in each layer of the coin configuration.

For example, in some implementations, such as the GUI
900 shown 1n FIG. 10, the processor 1s configured to compute
magnitude and angle plots 910 and 920 of the current density.
In some implementations, the GUI 900 can comprise controls
930 which can be used to facilitate user interaction by way of
manipulation of plot axes. In some embodiments, as shown in
the figure, the controls 930 can contain a selection control
932, which 1s configured to receive as input a selected layer
number from an end-user. The processor can be configured to
receive the selected layer number from the selection control
932 and compute the current density magnitude and angle
plots 910 and 920 of the selected layer. In other aspects, the
can GUI 900 can also contain controls 940 to modity the coil
parameters. For example, control 940 can comprise an input
current control 942, a frequency control 944, or any combi-
nation thereof. Current and frequency controls 942 and 944
can be configured to receive user input, and to pass the
received input to the processor for re-computation of the
resultant eddy current density plots 910 and 920.

However, 1t should be understood that while the 1llustrated
controls 940 are configured to adjust the mput current and
frequency, other coil/coin configuration parameters can be
adjusted using the GUI 900 without departing from the spirit
and scope of the present disclosure. It should also be noted
that other types of controls and other control functions can be
included 1n the GUI without departing from the spirit and
scope of the present disclosure. For example, additional con-
trols can be added to control tolerances, dimensions, material
properties, or any combination thereof.

It should also be noted that while the processor can be
configured to plot the eddy current density profile of each
layer individually, the processor can also be configured to
display the eddy current density profile of an overall multi-
layer coin configuration on a single plot. For example, as
shown 1n FIGS. 11-12, each plot comprises the magnitude of
the eddy current density profile of amulti-layer coin. It should
also be noted that the processor can be configured to compare
the current density profiles of a single coin at different fre-
quencies. For example, FI1G. 11 illustrates a the eddy current
density profile Zinc-Copper-Aluminum coin configuration at
1 kHz, 10 kHz, and 80 kHz. In some implementations, the
processor can be configured to plot the angle of the overall
eddy current density profile for a given multi-layer coin con-
figuration. For example, referring to FIG. 13, the angle of the
overall eddy current density profile corresponding to the eddy
current density magnitude plot 1010 of FIG. 11 1s plotted 1n
plot 1210.

In some embodiments, the processor can also be config-
ured to compute the discrimination performance of a coin
sensor as between a specified coin configuration and a refer-
ence dataset. Various techniques can be used to compute the
discrimination performance, such as but not limited to linear
discriminant analysis.

In some aspects, as shown 1n FIG. 14, a GUI 1300 can be
programmed to facilitate visualization of coil/coin configu-
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ration discrimination performance. As shown 1n the figure,
controls 1310-1330 can be provided to load 1n various coin
confligurations, tolerances, and settings.

In the embodiment shown 1n the FIG. 14, the coin configu-
ration settings 1310 can include layer conductivity tolerance,
layer permeability tolerance, layer height tolerance, or any
combination thereof. For example, the configured settings for
cach layer of a first and second five-layer coin configuration
are displayed 1n indicator 1350 and 1360. It should be noted
that 1n addition to the coin configuration settings shown in
FIG. 14, the GUI can be configured to receive other coin
configuration parameter tolerances without departing from
the spirit and scope of the present disclosure.

As shown 1 FIG. 14 coil settings can include the mnner
radius, outer radius, number of turns, number of coils, cou-
pling, or any combination thereof. However, 1t 1s to be under-
stood that the GUI can also include other coil parameters
without departing from the spirit and scope of the present
disclosure.

Simulation setting controls 1320 can also be provided to
adjust the frequency region of interest. In some implementa-
tions, the processor can be configured to compute a plot 1370
representing the number of standard deviations a between the
classification of first and second coin configurations 1380 and
1390. In some implementations, the reference dataset can

comprise the configuration of an actual coin. However, it
should be understood that the reference dataset can also com-
prise the configuration of a counterfeit, hypothetical coin
configuration, or any combination thereof. This can be an
especially usetul tool 1n the design of coins, where 1t 15 desir-
able to determine whether a particular coin configuration will
provide suilicient discrimination with respect to known coun-
terfeits prior to sending the coin configuration out for fabri-
cation.

As discussed in the preceding sections, tolerances can be
received by the processor as coil parameters, coin configura-
tion parameters, or any combination thereof. The processor
can be configured to compute an analysis of any of the afore-
mentioned representations over the defined tolerance param-
eters, such as but not limited to a monte carlo analysis. In
some aspects, as shown 1n FIGS. 15-16, the processor can be
configured to compute plots representing the effect of coil
and/or coin configuration parameter tolerance on the influ-
ence to coil measurement signals by the coin configuration. In
some designs, as shown i FIG. 17, the processor can be
configured to express the parameter variation in the form of a
normalized impedance plane.

In some designs, the processor can be configured to receive
a discrimination performance specification and compute an
optimal coin configuration. For example, the processor can be
configured to receive a reference coin configuration specifi-
cation, and a discrimination performance specification. In
some embodiments, a GUI can be configured to allow an end
user to specily the discrimination performance specification
as a number of standard deviations relative to the reference
coin configuration. However, it should be noted that the dis-
crimination performance specification need not be specified
using a number of standard deviations. For example, 1n one
embodiment, the discrimination performance specification
can also be specified using other parameters such as but not
limited to impedance separation at a frequency or set of
frequencies of interest. In some aspects, the GUI can also be
configured to receive a set of constraints with respect to the
optimal coin configuration design, such as but not limited to
materials, thickness, radius, homogeneity, permeability, con-
ductivity, or any combination thereof.
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Referring back to FIG. 1, 1t should now be clear that model
ol a coin sensor 10 which represents an expected influence of
a coin configuration on the measurement signal can be com-
puted in the absence of having a physical sample of the coin,
and can be stored on the computer readable storage medium
30 for processing during operation of the coin tester 1. It
should also be clear that the processor 20 can be configured to
compute a coelficient of the model 1n the presence of a coin.

For example, 1n one implementation, prior to storage of the
model on the storage medium 30, the tolerance of each model
coellicient can be computed at each frequency for a given
coin configuration. The coellicient tolerance vectors and the
model can then be stored on the computer-readable storage
medium 30. During operation of the coin tester, during or
alter a coin has been brought 1nto proximity to the coin sensor
10, the processor 20 can recerve the measurement signal, and
use the measurement signal data, model, digitized driving
signal data, or any combination thereof to compute a coelli-
cient of the model. In some implementations, the computa-
tion ol the model coetlicient can be bounded a range that 1s
defined by coellicient tolerance vector that was previously
computed and stored on the storage medium 30.

Although the discussion above focuses on an exemplary
coin tester, as noted earlier, the method and apparatus are
readily adapted for use with other items of currency having a
metallic security feature. Any type of such item of currency
can be used, including but not limited to paper money, checks,
cards, other bill forms, etc. In such instances, rather than
relying on gravity to transport a coin along a coin path, a baill
transport can be provided for accepting and transporting the
item of currency to and through the tester, in this case, a
currency tester. In some embodiments, both a coin tester and
a currency tester can be employed in a single machine. In
other embodiments, a single tester can be adapted for both
coins and bills. Such a combination system advantageously
saves coveted space 1n a money handling apparatus.

The coin tester apparatus and methods described herein are
illustrative 1 nature and are not meant to be limiting 1n any
way. Those of skill in the art will appreciate variations which
do not deviate from the scope and spirit of the disclosure
herein, which are encompassed by this disclosure.

What 1s claimed 1s:

1. A coin tester apparatus comprising:

a broadband s1gnal generator configured to output a driving
signal;

a coin sensor coupled to said drniving signal, said coin
sensor configured to output a measurement signal 1n
response to said driving signal, wherein said measure-
ment signal 1s configured to be influenced by the pres-
ence of a coin;

a computer-readable storage medium configured to store
an impedance model of said coin sensor, said impedance
model representing an expected influence of at least one
coin configuration parameter on said measurement sig-
nal; and

a processor configured to compute a coellicient of said
model 1n the presence of said coin and apply acceptance
criteria to said coelificient to determine whether said coin
falls within a predetermined coin classification.

2. The coin tester apparatus of claim 1 wherein said driving,

signal comprises a pseudorandom sequence.

3. The coin tester apparatus of claim 1 wherein said driving,

signal comprises a pseudorandom pulse train.

4. The coin tester apparatus of claim 1 wherein said mea-

surement signals represent an effect of inducing eddy currents
in said coin.
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5. The coin tester apparatus of claim 1 wherein said mea-
surement signal comprises a digital signal.
6. The con tester apparatus of claim 1 wherein said coin
sensor comprises a coil.
7. The coin tester apparatus of claim 6 wherein said coin
configuration radius 1s less than said coil radius.
8. The coin tester apparatus of claim 6 wherein said imped-
ance model accounts for edge effects of said coin configura-
tion on said expected mfluence to said measurement signals.
9. The coin tester apparatus of claim 1 wherein said coin
sensor comprises a driver coil and a pickup coil.
10. The coin tester apparatus of claim 1 wherein said stor-
age media comprises a non-volatile memory device coupled
to said processor.
11. The coin tester apparatus of claim 1 wherein said
impedance model 1s mitially computed 1n the absence of
having a physical coin sample.
12. The coin tester apparatus of claim 1 further comprising
a temperature sensor configured to sense an ambient tempera-
ture, wherein said processor 1s further configured to compute
the effect of said ambient temperature on said coelficient.
13. The coin tester apparatus of claim 1 wherein said coin
configuration comprises a total number of layers.
14. The coin tester apparatus of claim 1 wherein said at
least one coin configuration parameter comprises permeabil-
ity of a layer.
15. The coin tester apparatus of claim 1 wherein said at
least one coin configuration parameter comprises conductiv-
ity of a layer.
16. The coin tester apparatus of claim 1 wherein said at
least one coin configuration parameter comprises homogene-
ity of a layer.
17. The coin tester apparatus of claim 1 wherein said pre-
determined coin classification comprises a non-genuine coin
classification.
18. The coin tester apparatus of claim 1 wherein said at
least one coin configuration parameter comprises layer mate-
rial properties.
19. The coin tester apparatus of claim 1 wherein said at
least one coin configuration parameter comprises a lift-off
dimension between said coil and said coin.
20. A method of testing a coin using a coin tester, the
method comprising:
driving a coin sensor using a broadband signal;
obtaining measurement samples from said coin sensor in
the presence of a coin, wherein said measurement
samples represent an influence of said coin on a field
generated by said coin sensor in response to said driving
signal;
solving for, via a processor, coellicients of an impedance
model of said coin sensor, said impedance model repre-
senting an expected influence of at least one coin con-
figuration parameter on said measurement signal;

applying acceptance criteria to said coelficients to deter-
mine whether said coin falls within a predetermined
classification of coins.

21. The method of claim 20 wherein said broadband signal
comprises a pseudorandom sequence.

22. The method of claim 20 wherein said broadband signal
comprises a pseudorandom pulse train.

23. The method of claim 20 wherein said measurement
samples represent an effect of inducing eddy currents 1n said
coln.

24. The method of claim 20 wherein said measurement
samples comprise a digital signal.

25. The method of claim 20 wherein said coin sensor com-
prises a coil.
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26. The method of claim 25 wherein said coin configura-
tion radius 1s less than said coil radius.

27. The method of claim 25 wherein said impedance model
accounts for edge effects of said coin on said coin sensor.

28. The method of claim 20 wherein said coin sensor com-
prises a driver coil and a pickup coil.

29. The method of claim 20 wherein said storage media
comprises a non-volatile memory device coupled to said pro-
CEeSSOor.

30. The method of claim 20 wherein said impedance model
1s 1n1tially computed in the absence of having a physical coin
sample.

31. The method of claim 20 further comprising measuring,
an ambient temperature using a temperature a temperature
sensor and computing the effect of said ambient temperature
on said coellicient.

32. The method of claim 20 wherein said at least one coin
configuration parameter comprises a total number of layers.

33. The method of claim 20 wherein said at least one coin
confliguration parameter comprises permeability of a layer.

34. The method of claim 20 wherein said at least one coin
configuration parameter comprises conductivity of a layer.

35. The method of claim 20 wherein said at least one coin
configuration parameter comprises homogeneity of a layer.

36. The method of claim 20 wherein said predetermined
coin classification comprises a non-genuine coin classifica-
tion.

37. The method of claim 20 wherein said at least one coin
configuration parameter comprises layer material properties.

38. The method of claim 20 wherein said at least one coin
configuration parameter comprises a lift-off dimension
between said coil and said coin.
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